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(57) ABSTRACT

A solar cell and a method of manufacturing the same are
provided. The method comprises: forming a first electrode
layer on a substrate; forming a semiconductor film of first
conduction type on the first electrode layer; forming a
germanium film on the semiconductor film of first conduc-
tion type, and topologizing the germanium film by using a
functionalization element so as to obtain a semiconductor
film of second conduction type having characteristics of
topological insulator, the semiconductor film of first con-
duction type mating with the semiconductor film of second
conduction type having characteristics of topological 1nsu-
lator to form a p-n junction; and forming a second electrode
layer on the semiconductor film of second conduction type.
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The solar cell manufactured according this method has
higher electric energy conversion efliciency.
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SOLAR CELL AND METHOD OF
MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a Section 371 National Stage Appli-
cation of International Application No. PCT/CN2015/
079271, filed 19 May 2015, entitled “SOLAR CELL AND
MJTHOD OF MANUFACTUR NG THE SAME”, which
has not yet published, and which claims priority to Chinese
Application No. 201410727562.6, filed on 3 Dec. 2014,

incorporated herein by reference in their enftirety.

BACKGROUND OF THE INVENTION

Field of the Invention

Embodiments of the present disclosure generally relate to
the field of new energy technology, and particularly, to a
solar cell and a method of manufacturing the same.

Description of the Related Art

The energy problem 1s always a hot topic concerning the
human survival and development. The solar energy, as a new
green energy, has gained extensive attention for a long time,
and people are strengthening efforts to develop various solar
cells, such as crystal silicon solar cells, amorphous silicon
f1lm solar cells, dye-sensitized solar cells, organic solar cells,
and f1lm solar cells based on new materials such as copper
indium gallium selenium and the like. Currently, the first
generation of solar cell, occupying the dominant position 1n
the market and made of an amorphous silicon material, has
very low electric energy conversion efliciency, which 1s only
about 15%. Thus, one of urgent problems to be solved by
those skilled 1n the art 1s to prowde a solar cell having high
clectric energy conversion etliciency.

SUMMARY

The present disclosure provides a solar cell and a method
of manufacturing the same, the solar cell manufactured
according to the method having higher electric energy
conversion efliciency.

According to one aspect of the present disclosure, there 1s
provided a method of manufacturing a solar cell, comprising
steps of:

forming a first electrode layer on a substrate;

forming a semiconductor film of first conduction type on
the first electrode layer;

forming a germanium film on the semiconductor film of
first conduction type, and topologizing the germanium film
by using functionalization element so as to obtain a semi-
conductor film of second conduction type having character-
1stics of topological insulator, the semiconductor film of first
conduction type mating with the semiconductor film of
second conduction type having characteristics of topological
insulator to form a p-n junction; and

forming a second electrode layer on the semiconductor
film of second conduction type.

In the solar cell manufactured according to the above
method, the semiconductor film of first conduction type
mates with the semiconductor film of second conduction
type having characteristics of topological insulator to form
a homogeneous p-n junction or heterogeneous p-n junction,
photons are absorbed by semiconductor materials so as to
form photon-generated carriers (holes and electrons), holes
and electrons will move and gather 1n opposite directions
under a built-in electric field 1n the p-n junction, and a
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current will be formed once a circuit 1s turned on, that 1s, a
function of the solar cell 1s achieved. Since a theoretical
value for the edge resistivity of the topological insulator may
reach zero, a thermal loss of the semiconductor film having
characteristics of topological insulator generated due to
resistance ellect 1s zero during carrier transportation, thereby
cnabling a highly-eflicient solar cell, that 1s, the electric
energy conversion efliciency of the solar cell 1s higher.

Thus, the solar cell manufactured according to the above
method has higher electric energy conversion efliciency.

In the above method, the step of forming the germanium
film may comprise:

forming the germanium film through an atomic layer
deposition process; or

forming the germanmium film through a chemical vapor
deposition process; or

forming the germanium film through a mechanical strip-
ping and transierring process; or

forming the germanium film through a magnetron sput-
tering process; or

forming the germanium film through a pulsed laser depo-
sition process.

In the above method, the functionalization element may
be fluorine element, chlorine element, bromine element or
iodine element.

In the above method, the step of topologizing the germa-
nium film by using a functionalization element so as to
obtain a semiconductor film of second conduction type
having characteristics of topological insulator may com-
prises halogenating the germanium {ilm to obtain a germa-
nium halide film by using a fluorine element, a chlorine
element, a bromine element or an 10dine element.

In the above method, the step of halogenating the germa-
nium film to obtain the germanium halide film may com-
prise:

halogenating the germanium {ilm by a gas phase process;
or

halogenating the germanium film by a liquid phase pro-
cess; or

halogenating the germanium film by a surface modifica-
tion process; or

halogenating the germanium film by a plasma treatment
Process

In the above method, the semiconductor film of first
conduction type may be an n-type silicon film, an n-type
graphene {ilm or an n-type germanium film.

In the above method,

11 the semiconductor film of first conduction type 1s an
n-type silicon film, the step of forming a semiconductor film
of first conduction type on the first electrode layer may
comprise: depositing a silicon film having a thickness of 150
nm on the first electrode layer through a chemical vapor
deposition process under a temperature of 200~400° C., and
doping the silicon film with nitrogen element through a
doping process so as to form an n-type semiconductor film;

11 the semiconductor film of first conduction type 1s an
n-type graphene film, the step of forming a semiconductor
film of first conduction type on the first electrode layer may
comprise: depositing a graphene film having a thickness of
1 nm on the first electrode layer through an atomic layer
deposition process, and doping the graphene film waith
nitrogen element through a doping process so as to form an
n-type semiconductor film;

i1 the semiconductor film of first conduction type 1s an
n-type germanium film, the step of forming a semiconductor
film of first conduction type on the first electrode layer may
comprise: forming a first germanium film on the first elec-
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trode layer through a mechanical stripping and transierring
process, and doping the first germanium film with nitrogen
clement and performing activating treatment so as to form
an n-type semiconductor film.

In the above method, when halogenating the germanium
f1lm by the liquid phase process, the step of halogenating the
germanium film to obtain the germanium halide film may
comprise: halogenating the germanium film i a liqud
bromine environment with a liquid bromine concentration of
19~10% and a treatment temperature of 40~80° C., so as to
form the germanium bromide film.

In the above method, when halogenating the germanium
film by the gas phase process, the step of halogenating the
germanium film to obtain the germanium halide film may
comprise:

halogenating the germanium film 1n an 10dine gas atmo-
sphere with a gas pressure of 1~10 Pas and a treatment
temperature of 60~100° C., so as to form a germanium
10dide film; or

halogenating the germanium {ilm 1n a bromine gas atmo-
sphere with a gas pressure of 1~10 Pa and a treatment
temperature of 50~400° C., so as to form a germanium
bromide film; or

annealing the germanium film for 10 min 1n a chlorine gas
atmosphere with a treatment temperature of 50~400° C., so
as to form a germanium chloride film.

In the above method, when halogenating the germanium
film by the gas phase process, the step of halogenating the
germanium film to obtain the germanium halide film may
comprise: halogenating the germanium film i a BCI3 gas
atmosphere with a gas pressure of 1~10 Pa and a treatment
temperature of 250~3350° C.; and annealing the germanium
f1lm 1n a halogen gas atmosphere with a treatment tempera-
ture of 90~130° C., so as to form a germamum chloride film.

In the above method, when halogenating the germanium
film by the surface modification process, the step of halo-
genating the germanium {ilm to obtain the germanium halide
film may comprise: coating an organic colloid material
containing halogen on a base; and abutting, under a pressure,
a side of base coated with the organic colloid material
against the germanium film, so that halogen atoms in the
organic colloid matenial are transferred to the germanium
film, thereby halogenating the germanium film.

In the above method, when halogenating the germanium
film by the plasma treatment process, the step of halogenat-
ing the germamum film to obtain the germanium halide film
may comprise: causing halogen plasma to impact a surface
of the germanium {ilm 1 an inductively coupled plasma
apparatus or a reactive 10n etching apparatus, so that halogen
plasma 1s absorbed 1n the germanium {ilm, thereby haloge-
nating the germanium film.

In the above method, the functionalization element may
be hydrogen element, nitrogen element, boron element or
sulfur element.

In the above method, at least a portion of at least one of
the first electrode layer and the second electrode layer may
be formed of topological insulator.

According to another aspect of the present disclosure,
there 1s provided a solar cell, comprising a first electrode
layer, a semiconductor film of first conduction type, a
semiconductor film of second conduction type having char-
acteristics of topological msulator and containing a germa-
nium element, and a second electrode layer, which are
formed successively on a substrate, wherein the semicon-
ductor film of first conduction type mates with the semicon-
ductor film of second conduction type having characteristics
ol topological insulator to form a p-n junction.

10

15

20

25

30

35

40

45

50

55

60

65

4

In the above solar cell, the semiconductor film of second
conduction type may be a germanium halide film formed by
halogenating the germanium film by using fluorine element,
chlorine element, bromine element or 10dine element.

In the above solar cell, the germanium halide film may
have a thickness of 0.5~10 nm.

In the above solar cell, the germanium halide film 1s a
germanium halide film having a single-atom layer thickness;
or the germanium halide film 1s a germanium halide film
having a double-atoms layer thickness; or the germanium
halide film 1s a germanium halide film having a multi-atoms
layer thickness.

In the above solar cell, the semiconductor film of second
conduction type 1s a topological insulator film formed by
topologizing the germanium film using hydrogen element,
nitrogen element, boron element or sulfur element.

In the above solar cell, the semiconductor film of first
conduction type may have a thickness of 100~5000 nm.

In the above solar cell, the first electrode layer may have
a thickness of 1~-500 nm, and may be made of a metal
material or a composite conductive material; and/or, the
second electrode layer may have a thickness of 1~500 nm,
and may be made of a metal material or a composite
conductive material.

In the above solar cell, at least a portion of at least one of
the first electrode layer and the second electrode layer may
be formed of topological insulator.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a lowchart of a method of manufacturing a solar
cell according to an embodiment of the present disclosure;
and

FIG. 2 1s a structural schematic diagram of a solar cell
according to an embodiment of the present disclosure.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

Technique solutions according to embodiments of the
present mvention will be described clearly and completely
hereinafter 1n detail with reference to the attached drawings.
It would be apparent that the described embodiments are
only parts, rather than all, of the embodiments of the present
invention. Other 1mplementations made, based on the
embodiments in the present invention, by those skilled 1n the
art without any inventive work, fall within scopes of the
present 1nvention.

Referring to FIG. 1 and FIG. 2, FIG. 1 1s a flowchart of
a method of manufacturing a solar cell according to an
embodiment of the present disclosure; and FIG. 2 1s a
structural schematic diagram of a solar cell according to an
embodiment of the present disclosure.

According to a general inventive concept of the present
disclosure, there 1s provided a method of manufacturing a
solar cell, comprising steps of: forming a first electrode layer
on a substrate; forming a semiconductor film of first con-
duction type on the first electrode layer; forming a germa-
nium film on the semiconductor film of first conduction type,
and topologizing the germanium film by using functional-
ization element so as to obtain a semiconductor film of
second conduction type having characteristics of topological
insulator, the semiconductor film of first conduction type
mating with the semiconductor film of second conduction
type having characteristics of topological insulator to form
a p-n junction; and forming a second electrode layer on the
semiconductor film of second conduction type.
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It will be appreciated that the semiconductor film of first
conduction type may be one of a p-type semiconductor film
and an n-type semiconductor film, and the semiconductor
film of second conduction type may be the other one of the
p-type semiconductor film and the n-type semiconductor
f1lm. Hereinafter, embodiments of the present disclosure will
be described by taking a case, 1n which the semiconductor
f1lm of first conduction type i1s an n-type semiconductor film
and the semiconductor film of second conduction type 1is
p-type semiconductor {ilm, as an example.

As shown 1n FIG. 1 and FIG. 2, a method of manufac-
turing a solar cell according to one embodiment of the
present disclosure comprises the following steps:

step S101: forming a first electrode layer 2 on a substrate
1

step S102: forming a n-type semiconductor film 3 on the
first electrode layer 2;

step S102: forming a germanium {ilm on the n-type
semiconductor film 3, and topologizing the germanium {ilm
by using functionalization element so as to obtain a p-type
semiconductor film 4 having characteristics of topological
insulator, the n-type semiconductor film mating with the
p-type semiconductor film having characteristics of topo-
logical insulator to form a p-n junction; and

step S104: forming a second electrode layer 5 on the
p-type semiconductor film 4.

In the solar cell manufactured according to the above
method, the n-type semiconductor film 3 and the p-type
semiconductor film 4 having characteristics of topological
insulator form a homogeneous p-n junction or heteroge-
neous p-n junction of the solar cell, photons are absorbed by
semiconductor materials so as to form photon-generated
carriers (holes and electrons), holes and electrons will move
and gather 1n opposite directions under a built-in electric
field 1n the p-n junction, and a current will be generated once
a circuit 1s closed, that 1s, a function of the solar cell 1s
achieved. Since a theoretical value for the edge resistivity of
the topological insulator may reach zero, a thermal loss of
the p-type semiconductor film 4 having characteristics of
topological insulator generated due to resistance eflect 1s
zero during carrier transportation, thereby enabling a highly-
ellicient solar cell, that 1s, the electric energy conversion
elliciency of the solar cell 1s higher.

Thus, the solar cell manufactured according to the above
method has higher electric energy conversion efliciency.

In one example, 1n the step S103, the step of forming the
germanmium film may be implemented 1n any one of the
following ways:

Way I: forming the germamum film through an atomic
layer deposition process;

Way II: forming the germanium film through a chemical
vapor deposition process;

Way III: forming the germanmium film through a mechani-
cal stripping and transferring process;

Way IV: forming the germanium film through a magne-
tron sputtering process; and

Way V: forming the germanium film through a pulsed
laser deposition process.

In one example, the functionalization element may be
fluorine element, chlorine element, bromine element or
iodine element.

In one example, 1n the step S103, the step of topologizing
the germamum {ilm by using functionalization element so as
to obtain the p-type semiconductor film 4 having character-
istics of topological insulator may comprise halogenating
the germanium film to obtain a germanium halide film by
using fluorine element, chlorine element, bromine element
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or 10dine element. The germanium halide film has charac-
teristics of a typical topological insulator.

In one example, the germanium halide film may be a
germanium halide film having a single-atom layer thickness;
or the germanium halide film may be a germanium halide
film having a double-atoms layer thickness; or the germa-
nium halide film may be germanium halide film having a
multi-atoms layer thickness.

There are many choices for forming the n-type semicon-
ductor film 3 on the first electrode layer 2 1n step S102, and
there are also many choices for forming the p-type semi-
conductor film 4 on the n-type semiconductor film 3 in step
S103. For example, in one example, the n-type semicon-
ductor film 3 may be an n-type silicon film, an n-type
graphene film or an n-type germanium film.

In one example, the step S102 of forming the n-type
semiconductor film 3 on the first electrode layer 2 may be
implemented 1n the followings ways:

if the n-type semiconductor film 3 1s an n-type silicon
f1lm, the step of forming the n-type semiconductor film 3 on
the first electrode layer 2 may comprise: depositing a silicon
f1lm having a thickness of 150 nm on the first electrode layer
2 through a chemical vapor deposition process under a
temperature ol 200~400° C., and doping the silicon film
with nitrogen element through a doping process so as to
form the n-type semiconductor film 3;

11 the n-type semiconductor film 3 1s an n-type graphene
f1lm, the step of forming the n-type semiconductor film 3 on
the first electrode layer 2 may comprise: depositing a
graphene film having a thickness of 1 nm on the first
clectrode layer 2 through an atomic layer deposition process,
and doping the graphene film with nitrogen element through
a doping process so as to form the n-type semiconductor film
3;

11 the n-type semiconductor film 3 1s an n-type germanium
f1lm, the step of forming the n-type semiconductor film 3 on
the first electrode layer 2 may comprise: forming a first
germanium film on the first electrode layer 2 through a
mechanical stripping and transferring process, and doping
the first germanium film with nitrogen element so as to form
the n-type semiconductor film 3.

In one example, the p-type semiconductor film 4 may be
a germanium bromide {ilm, a germanium chloride film, or a
germanium 1odide film.

In one example, halogenating the germanium film to
obtain the germanium halide film by using fluorine element,
chlorine element, bromine element or 10dine element may be
implemented 1n any one of the following ways:

In a first way, the germanium film 1s halogenated by a gas
phase process.

Specifically, the first way may include:

halogenating the germanium film 1n a BCl, gas atmo-
sphere with a gas pressure of 1~10 Pa and a treatment
temperature of 250~350° C., and annealing the germanium
film 1n a halogen gas atmosphere with a treatment tempera-

ture of 90~130° C., so as to form a germanmum chloride film;
or

halogenating the germanium film in an 10dine gas atmo-
sphere with a gas pressure of 1~10 Pas and a treatment
temperature of 60~100° C., so as to form a germanium
10odide film: or

halogenating the germanium film in a bromine gas atmo-
sphere with a gas pressure of 1~10 Pa and a treatment
temperature of 50~400° C., so as to form a germanium
bromide film; or
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annealing the germanium film for 10 minutes in a chlorine
gas atmosphere with a treatment temperature of 50~400° C.,
so as to form a germamum chloride film.

In a second way, the germanium film 1s halogenated by a
liquid phase process.

Specifically, the second way may include: halogenating
the germanium film 1n a liguid bromine environment with a
liquid bromine concentration of 1%~350% and a treatment
temperature of 20~80° C., so as to form the germanium
bromide film.

In a third way, the germanium film 1s halogenated by a
surface modification process.

Specifically, the third way may include: firstly, coating an
organic colloid material containing halogen on a base, and
then abutting, under a pressure, a side of base coated with
the organic colloid material against a substrate on which the
germanium {1lm has been deposited, so that corresponding
atomic groups contaiming halogen in the organic colloid
material are transierred onto the germanium film by utilizing
hydrophilic or hydrophobic characteristics of the atomic
groups, thereby halogenating the germanium film. The ger-
manium film may be topologized through a surface modi-
fication process 1n an approximate room temperature envi-
ronment.

In a fourth way, the germanium film 1s halogenated by a
plasma treatment process.

Specifically, the fourth way may include:

causing halogen plasma to 1mpact a surface of the ger-
manium film and be adsorbed 1n the germanium film 1n an
inductively coupled plasma (ICP) apparatus or a reactive 1on
ctching (RIE) apparatus with chlorine or carbon tetrachlo-
ride being used as a reactive gas, thereby halogenating the
germanmium film. Then the germanium film 1s topologized
through the plasma treatment process, a treatment tempera-
ture of the plasma treatment process 1s low and a surface of
the processed film layer can be made more uniform.

Of course, the n-type semiconductor film 3 formed 1n any
of the above ways may mates with the p-type semiconductor
film 4 formed 1n any of the above ways so as to form a p-n
junction.

In one example, the germanium halide film may have a
thickness of 0.5~10 nm, and the n-type semiconductor film
3 may have a thickness of 100~5000 nm.

In one example, the functionalization element may also be
hydrogen element, nitrogen element, boron element or sulfur
clement.

As shown 1n FIG. 2, embodiments of the present disclo-
sure also provide a solar cell comprising a {first electrode
layer 2, an n-type semiconductor film 3, a p-type semicon-
ductor film 4 having characteristics of topological 1nsulator
and containing germanium element, and a second electrode
layer 5, which are formed successively on a substrate 1,
wherein the n-type semiconductor film 3 mates with the
p-type semiconductor film 4 having characteristics of topo-
logical insulator to form a p-n junction.

In the above solar cell, the n-type semiconductor film 3
can mate with the p-type semiconductor film 4 having
characteristics of topological insulator to form a homoge-
neous p-n junction or heterogeneous p-n junction of the solar
cell, photons are absorbed by semiconductor materials so as
to form photon-generated carriers (holes and electrons),
holes and electrons will move and gather 1n opposite direc-
tions under a built-in electric field in the p-n junction, and a
current will be generated once a circuit 1s closed, that 1s, a
function of the solar cell 1s achieved. Since a theoretical
value for the edge resistivity of the topological insulator may
reach zero, a thermal loss of the p-type semiconductor film
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4 having characteristics of topological insulator generated
due to resistance eflect 1s zero during carrier transportation,
thereby enabling a highly-eflicient solar cell, that 1s, the
clectric energy conversion efliciency of the solar cell 1s
higher.

In one example, the p-type semiconductor film 4 may be
a germanium halide film formed by halogenating a germa-
nium {ilm by using fluorine element, chlorine element,
bromine element or 10dine element

In one example, the thickness of the germanium halide
film may be 0.5~10 nm.

Preferably, the germanium halide film may be a germa-
nium halide film having a single-atom layer thickness, or a
germanium halide film having a double-atoms layer thick-
ness, or a germanium halide film having a multi-atoms layer
thickness.

In one example, the p-type semiconductor film 4 may be
a germanium halide film formed by topologizing a germa-
nium film by using hydrogen element, nitrogen element,
boron element or sulfur element.

In one example, a thickness of the n-type semiconductor
film 3 1s 100~5000 nm.

In one example, the first electrode layer 2 may have a
thickness of 1~500 nm, and may be made of a metal material
or a composite conductive material; and/or,

the second electrode layer S may have a thickness of
1~500 nm, and may be made of a metal material or a
composite conductive materal.

In one preferred example, at least a portion, for example,
portions or all, of at least one of the first electrode layer 2 and
the second electrode layer 5 1s formed of topological 1nsu-
lator material, thereby enabling further reduction 1n conduc-
tor resistance and energy loss and improving energy con-
version efliciency.

It would be apparent that the person skilled 1n the art may
make various changes or modifications to the present dis-
closure without departing from spirit and scopes of the
disclosure. Thus, 1f these changes or modifications to the
present disclosure fall within scopes of claims and equiva-
lents thereof of the present invention, the present invention
1s 1ntended to include these changes or modifications
therein.

What 1s claimed 1s:

1. A method of manufacturing a solar cell, comprising
steps of:

forming a first electrode layer on a substrate;

forming a semiconductor film of first conduction type on

the first electrode layer, the semiconductor film of first
conduction type being a graphene film;

forming a topological insulator {ilm on the semiconductor

film of first conduction type, the topological nsulator
film being a semiconductor film of second conduction
type containing germanium element, the semiconduc-
tor film of first conduction type mating with the semi-
conductor film of second conduction type to form a p-n
junction; and forming a second electrode layer on the
topological insulator film, wherein

the first electrode layer, the semiconductor film of the first

conduction type, the topological 1nsulator film, and the
second electrode layer are successively formed on the
substrate.

2. The method according to claim 1, wherein the step of
forming the topological insulator film comprises forming a
germanium film on the semiconductor film of first conduc-
tion type, wherein the forming of the germanium film
comprises one of:
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forming the germanium film through an atomic layer

deposition process;

forming the germanium {ilm through a chemical vapor

deposition process;

forming the germanium film through a mechanical strip-

ping and transierring process;

forming the germamum film through a magnetron sput-

tering process; and

forming the germanium film through a pulsed laser depo-

sition process; and

wherein the step of forming the topological insulator film

further comprises topologizing the germanium film by
using a functionalization element so as to obtain the
topological mnsulator film.

3. The method according to claim 2, wherein the func-
tionalization element 1s fluorine element, chlorine element,
bromine element or 10dine element.

4. The method according to claim 3, wherein the step of
topologizing the germanium film by using functionalization
clement so as to obtain the topological msulator film com-
Prises:

halogenating the germanium film to obtain a germanium

halide film by using fluorine element, chlorine element,
bromine element or 10dine element.

5. The method according to claim 4, wherein the step of
halogenating the germanium film to obtain the germanium
halide film comprises one of:

halogenating the germanium film by a gas phase process;

halogenating the germamum film by a liquid phase pro-

CESS;

halogenating the germanium film by a surface modifica-

tion process; and

halogenating the germamum film by a plasma treatment

process.

6. The method according to claim 5, wherein the semi-
conductor film of first conduction type 1s an n-type graphene
f1lm.

7. The method according to claim 6, wherein

the step of forming the n-type graphene film on the first

clectrode layer comprises: depositing a graphene film
having a thickness of 1 nm on the first electrode layer
through an atomic layer deposition process, and doping

the graphene film with nitrogen element through a
doping process so as to form an n-type semiconductor
f1lm.

8. The method according to claim 5, wherein when
halogenating the germanium film by the liquid phase pro-
cess, the step of halogenating the germanium film to obtain
the germanium halide film comprises: halogenating the
germanmum film 1n a liquid bromine environment with a
liquid bromine concentration of 1%~10% and a treatment
temperature of 40~80° C., so as to form the germanium
bromide film.

9. The method according to claim 5, wherein when
halogenating the germanium film by the gas phase process,
the step of halogenating the germanium film to obtain the
germanium halide film comprises:

halogenating the germanium film 1n an 10dine gas atmo-

sphere with a gas pressure of 1~10 Pa and a treatment
temperature of 60~100° C., so as to form a germanium
10odide film: or

halogenating the germanium {ilm 1n a bromine gas atmo-

sphere with a gas pressure of 1~10 Pa and a treatment
temperature of 50~400° C., so as to form a germanium
bromide film; or
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annealing the germanium film for 10 min 1n a chlorine gas
atmosphere with a treatment temperature of 50~400°
C., so as to form a germamum chloride film.
10. The method according to claim 5, wherein when
halogenating the germanium film by the surface modifica-
tion process, the step of halogenating the germanium {ilm to
obtain the germanium halide film comprises:
coating an organic colloid material containing halogen on
a base;

abutting, under a pressure, a side of the base coated with
the organic colloid material against the germanium
film, so that halogen atoms in the organic colloid
material are transierred to the germanium film, thereby
halogenating the germanium film.

11. The method according to claim 3, wherein when
halogenating the germanium film by the plasma treatment
way, the step of halogenating the germanium film to obtain
a germanium halide film comprises:

causing halogen plasma to impact a surface of the ger-

manmum film in an inductively coupled plasma appa-
ratus or a reactive 1on etching apparatus, so that halo-
gen plasma 1s absorbed 1n the germanium film, thereby
halogenating the germanium film.

12. The method according to claim 2, wherein the func-
tionalization element 1s hydrogen element, nitrogen element,
boron element, or sulfur element.

13. The method according to claim 1, wherein at least a
portion of at least one of the first electrode layer and the
second electrode layer 1s formed of topological 1nsulator.

14. A solar cell, comprising a first electrode layer, a
semiconductor film of first conduction type, a topological
insulator film and a second electrode layer, which are formed
successively on a substrate, the semiconductor film of first
conduction type being a graphene film, wherein the topo-
logical insulator film 1s a semiconductor film of second
conduction type containing germanium e¢lement, and the
semiconductor {ilm of first conduction type mates with the
semiconductor film of second conduction type to form a p-n
junction.

15. The solar cell according to claim 14, wherein the
semiconductor film of second conduction type 1s a germa-
nium halide film formed by halogenating the germanium
film by using fluorine element, chlorine element, bromine
clement or 10dine element.

16. The solar cell according to claim 135, wherein the
germanium halide film has a thickness of 0.5~10 nm.

17. The solar cell according to claim 15, wherein

the germanium halide film 1s a germanium halide film

having a single-atom layer thickness; or

the germanium halide film 1s a germanium halide film

having a double-atoms layer thickness; or

the germamum halide film 1s a germanium halide film

having a multi-atoms layer thickness.

18. The solar cell according to claim 14, wherein the
semiconductor film of second conduction type 1s a topologi-
cal msulator film formed by topologizing the germanium
film using hydrogen element, nitrogen element, boron ele-
ment or sulfur element.

19. The solar cell according to claim 14, wherein

the first electrode layer has a thickness of 1~3500 nm, and

1s made of a metal material or a composite conductive
material; and/or,

the second electrode layer has a thickness of 1~3500 nm,

and 1s made of a metal material or a composite con-
ductive material.
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20. The solar cell according to claim 14, wherein at least
a portion of at least one of the first electrode layer and the
second electrode layer 1s formed of topological insulator.
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